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Dr. T.J. Hanratty
A study stationary slugs was carried out in a 2.0625 inch ID
plexiglass pipe which could be tilted 10 degrees from the horizontal. The 
conditions necessary for the existence of stable slugs were measured. Also, 
the validity of modelling the tail of the slug using an inviscid steady s'ate 
approach was investigated with high speed still and motion pictures and
contact probes.
In regions of low aeration (high liquid carpet heights and low Froude 
numbers) the inviscid steady state tail model defined the only set of 
conditions which would sustain stable slugs. However, as aeration 
increased many varying conditions led to stable slugs.
High speed motion pictures and photographs show that for a 
sparsely aerated slug the tail shape approximates that predicted by the
inviscid steady state tail model; the liquid falls abruptly and a tail is 
formed. The plateau liquid depth approaches .563D. As aeration increases 
the tail shape becomes more and more misshapen; the slope of the falling 
liquid is much more gradual and a plateau is not formed. This is because of 
the escape of entrained air at the top of the pipe leading to continuous 
distortion of the air water interface.
Two mechanisms of aeration were observed. In sparsely aerated 
slugs air was entrained through tumbling and occlusion by the liquid. In 
highly aerated slugs entry was at a single point at the base of the slug
front.
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I. Introduction
A phenomological understanding of two-phase horizontal flow of a gas 
and a liquid received attention only in recent years, despite its importance 
in the petroleum and chemical industries. Often it is central to 
understanding the performance of boilers, condensers, reactors, and oil and 
gas transport. The six flow patterns shown in Figure l .t  have been 
observed: stratified, bubble, dispersed, wavy, annular, and slug. This thesis 
focuses upon the slug flow pattern.
The transition from stratified to slug flow can occur when a 
disturbance at the gas-liquid interface grows rapidly (over a very short 
distance) to fill the entire cross section of the conduit. Since this liquid 
blocks the higher velocity gas flow it must move down the conduit at 
approximately that velocity. Thus one encounters high speed "bullets" 
(slugs) of liquid which can damage equipment due to resultant fluctuations 
in pressure and flowrate and impact of the high momentum slugs on 
boundaries.
Past studies of slug flow have focused upon the average properties 
observed in this regime. For example, Hughmark(1965) proposed that the 
pressure gradient of slug flow in a pipe could be estimated as though the 
pipe were carrying liquid only, at the average liquid velocity(as opposed to 
the slug velocity). Correlations based on assumptions such as this, while 
sometimes accurate for specific situations, are largely unusable in 
developing scaling relations and in giving insight into when slugging may 
occur.
In recent years, the study of slug flow has narrowed to the study and 
modelling of single slugs in an effort to understand more fully the 
mechanics involved. This approach raises questions about the conditions
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necessary for slug existence, the mechanism and effect of aeration, the 
frequency of slugs, and the pressure drop over individual slugs. For 
example, Hubbard and Dukler(1968) proposed a model of a single slug with 
which one could predict the void fraction and overall pressure drop. Still, 
little or no treatment was given to the mechanism or effect of aeration or, 
when slugs will be present.
Recently it has been proposed that the conditions necessary for slug 
flow can be predicted by considering different regions of a single slug. 
Ruder et al( 1988) calculated necessary conditions by modelling the fron* of 
the slug as a classic hydraulic jump and the tai!(where the liquid falls back 
down to a new level) as a type of bubble, solved by Benjamin(1968), 
known as a "Benjamin” bubble. Experimental measurements of unaeratcd 
slugs agree well with these models. However, the effect of aeration (which 
occurs at higher velocities and/or flowrates) remains unexplained.
Burban(1988) built a 2.062S in ID plexiglass flow loop in which a 
stationary hydraulic jump, filling the entire cross section, could be 
artificially created. Then, by tilting the pipe from the horizontal, a tail like 
that of the slugs observed in gas-liquid flow could be simulated. This was 
based on an earlier work by Kalinske and Robert$on(1943). After 
preliminary confirmation that this stationary slug could provide a good 
model for moving slugs, Burban used high speed photography to capture 
the aeration process of the front hydraulic jump.
This thesis modified the apparatus of Burban to study the effects of 
aeration on the shape of the tail. The motivation is to obtain a necessary 
condition for the existence of slugs. Photographs and contact probes were 
used to measure liquid heights. High speed still and motion pictures were 
utilized to study and document the characteristics of the tail over a wide
3
range of conditions. By varying flowrates and velocities the effect of 
aeration was Investigated. In addition the effect of pipe inclination on the 
shape of the tail was studied. The results obtained were then compared 
with the theoretical model of an unaerated tail.
«
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II. Background and Theory
A two dimensional representation of a slug in gas liquid flow is 
shown in Figure 2.1. The slug moves to the right with a velocity roughly 
that of the gas, consuming liquid at the front (2) and shedding it at the tail 
(4). In general, the prediction of when slugs may form involves modelling 
either the front or the tail. In this way one can predict when slugging may 
occur based solely on the conditions of flow preceding the slug, at 1. The 
conditions of flow at 1 are represented by the dimensionless Froude 
number. This is the ratio of the inertia of the flow to the gravitational 
forces:
Frj -  (C-uj)/(gye)-5
where C is the slug velocity, Uj is the average velocity of the liquid carpet 
at point 1, and ye is the effective height of the liquid carpet as defined in
Figure 2.2. For stationary slugs C ■ 0 (a hydraulic jump), this becomes
Frj «Uj/(gye) 5.
The Froude number has also been defined based on the diameter of the 
pipe:
FrD « Ul/(gD)-5.
In modelling the front of the slug a classic hydraulic jump is 
assumed. Mass and momentum balances yield an expression for the 
pressure drop between 2 and 3:
(P3-P2>/pgD “ u 1 A j/A-(A j/A)^]/gD.
If the jump is assumed to be reversible the pressure drop can also be 
expressed simply as that of a sudden expansion.
(P3*P2W f> 8D * u 12[ 1 -(A j/A)2]/2gD.
5
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Equating these two expressions one finds that, in order for slugging to 
occur, Frj) must have values equal to(for the ideal case) or greater than
those values given in Table 2.1.
The tail can be modelled several ways. Jepson(1986) has proposed 
an inviscid, unsteady-state model. The slug is represented as a rectangular 
block of fluid confined by walls at the front and tail. At time zero the walls 
are removed and the tail behaves much like the fluid upon the breakdown 
of a dam (Stoker(1958)). An expression for the volumetric flowrate of the 
liquid shed by the tail, qt, can be found.
q, -  «D2(n/4)5(gD)-5/4
Since for a stable slug the volume of liquid consumed must equal the 
volume shed, conditions for slugging based only on the flow conditions of 
the liquid carpet preceding a slug can be derived, Thus:
u1/(gD)l3> 0.886jtD2/4A1.
The tail can also be modelled by picturing the gas space above it as a 
particular kind of bubble and solving for the conditions needed to yield 
this bubble. The solution for a bubble formed as a liquid filled horizontal 
pipe empties its contents is used. This situation has been solved by 
Benjamin(1968). For a '’Benjamin” bubble it is found that I14/D -  0.S63.
Once again, assuming a stable slug, necessary conditions for the flow 
preceding the slug are derived.
Uj(gD)’3 > 0.542rD2/4Aj
It can be shown that if the gas at the front is modelled as a Benjamin 
bubble a special case of the conditions developed assuming a hydraulic 
jump is defined in which hj/D « 0.363.
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hj£> B J2
0.1 0.946
0.2 0.920
0.3 0.909
0.4 0.911
0.5 0.921
0.6 0.944
0.7 0.994
0.8 1.078
0.85 1.144
0.89 1.211
TABLE 2.1 CONDITION FOR SLUG EXISTENCE
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A graphical representation of the different models is given. This 
work explains the validity of the inviscid steady state-state tail model by 
comparing experimental observations of the tail with those predicted by 
the theory presented above.
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III. Apparatus
The study of stationary slugs was carried out in a 2.0625 inch ID 
plexiglass flow loop, shown in Figure 3.1. Water was circulated by a 1.5 HP 
gear pump, its flowrate being adjusted by parallel gate valves at A. 
Rotameters were used to measure the flowrate. After the rotameters the 
water entered a four foot entrance region, D, to dissipate inlet disturbances. 
At C the water flowed past a sliding gate . This gate could be varied in 
height from a lower limit of 0.25 inches from the bottom tangent to an 
upper limit of the full pipe diameter. Also at C, atmospheric air entered 
the loop through a 0.25 inch tap in the flange.
The water (and air) entered a ten foot straight run of pipe (D). Two 
different test sections, shown in Figure 3.2, were used for the first five feet. 
The first one had a single orifice on the top, 8.0 inches from the sliding 
gate, through which various probes could be inserted. A brass rod, flush 
with the inner diameter, was located on the underside of the pipe 14 
inches from the gate to allow electric current to be carried across the pipe 
wall. The second test section had twelve orifices begining 10.0 inches from 
the gate and spaced every 3.0 inches thereafter. It also had three brass 
rods on the bottom of the pipe. When not in use, the orifi were filled with 
plexiglass plugs, cut so that their bottom was flush with the inner pipe 
wall. Plexiglass test plugs, shown in Figure 3.3, were used to insert probes 
into the test section. These plugs were identical to the fill plugs except for 
a 0.19 inch axial hole.
Immediately following the test section was a two foot, 2.0 inch ID 
stainless steel flexible hose (E). This allowed the test section to be inclined 
up to ten degrees from the horizontal. Water leaving the flexible hose 
emptied into a four foot high by one foot in diameter holding tank (F). This
12
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water was then recycled through 1.5 inch PVC piping. Since it was 
observed that excess heat from the pump caused a noticeable temperature 
rise in the flow loop water, a counter current, water cooled, tube and shell 
heat exchanger was installed.
In order to control the downstream air pressure, air was supplied to 
the holding tank. The only exit for the air was then through a hose
partially submerged in another water filled tank (G). By varying the depth 
of this hose the pressure (above atmospheric) in the system could be 
varied. A one meter, open end manometer filled with Merriam Red oil 
(specific gravity * 0.827) was used to measure this pressure.
To measure front and tail film heights, contact probes were used 
(Figure 3.4). A metal probe, insulated everywhere except at the tip, was 
coupled with a precise caliper and installed above the desired oiifice in the 
test section. A function generator supplied a variable frequency current to 
the probe. Additionally, a frequency counter was attached to one of the 
brass rods on the bottom side of the pipe. Thus when the probe was 
immersed in the water a circuit was completed and the frequency counted 
was approximately that supplied. The probe was initially located so it 
touched the bottom of the pipe. It was then backed away. The precise 
location where the circuit was broken, i.e. the air-water interface, could 
then be located.
Still photos of the tail were taken with a Nikon FM2 35mm camera 
with either a 135mm, f/2.8 Nikkor lens or a 50mm f/1.8 Nikon Series E 
lens. Time dependence of the tail was studied using a Nikon MD-11 motor 
drive with a film advance speed of 3.2 frames per second. In the majority 
of cases Kodak Tri-X Panatomic film (ASA/ISO 400) was used with 
illumination provided by two 500 watt GE DXB RSP 2 tungsten spotlights.
16
THREADED ROD POSITIONER
VERNIER CALIPER
DEPTH INDICATOR 
(CALIBRATED TO .0254mm)
PIPE MOUNT
FROM FUNCTION GENERATOR
PROBE TIP
FIGURE 3.4 CONTACT PROBE
17
To study the tail over shorter peiiods of time, a 16mm Fastax high 
speed motion picture camera (Figure 3.5a) was used. This camera employs 
two high speed motors, to supply and take up roll film, and a rotating 
prism instead of a shutter. With a Wollensak "Goose" control unit (Figure 
3.5b) the voltage supply (and thus the film speed) can be varied between 0 
and 280 volts. Additionally, the precise time of operation, between 0 and 5 
seconds, can be varied to avoid undo equipment wear. The goose also has 
the advantage of being able to accelerate the motors to full speed much 
faster than line voltage. Once again two 500 watt GE spotlights provided 
illumination and proved sufficient when Kodak 7250 High Speed 
Ektachrome Video News Film (ASA/ISO 400) was used.
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a) Fastax 16mm Camera
b) Wollensak 'Goose" Timing Unit
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IV. Procedure 
Slug Initiation
The study of the stationary slug tail began with the initiation of an 
artificial slug. First, air was supplied to the holding tank. With nothing to 
block it this air then escaped through the tap by the gate at roughly the 
same rate as it was supplied, and very little pressure difference was 
observed between the holding tank and the atmosphere. Next, the gate 
height was adjusted so that the liquid carpet depth in the test section 
would be as desired. Finally, cold water was supplied to the heat
exchanger. Preliminary procedures complete, power was supplied to the 
pump and the rotameters were adjusted to achieve the desired volumetric 
flowrate.
At this point the air and water in the test section usually approached 
the stratified flow pattern. To initiate a slug several steps could be taken, 
all involving the creation of some sort of disturbance leading to a hydraulic 
jump. For example, power to the pump could be removed for a moment, a 
valve could be quickly closed then reopened, or the sliding gate height 
could be changed abruptly. However, all of these actions usually resulted 
in the formation of somewhat stable air pockets in the entrance region. It 
was found that the best method to both avoid this phenomena and create a 
slug involved quickly squeezing the plastic hose between the rotameters 
and the entrance region.
With the creation of a slug two changes could be seen. First, the 
direction of air flow in the air tap by the sliding gate changed as the slug 
began to entrain air. Second, the holding tank pressure increased to the 
head set by the pressure controller. To position the slug head at the 
desired point (15.0 inches from the sliding gate) the holding tank pressure
20
was adjusted; if the slug was too far down the test section the pressure was
*
increased and visa versa. Slugs created and positioned as such could 
remain static indefinitely.
Film Height Measurements
The liquid carpet height preceding the slug was determined by 
measuring the amount of gate height extending above the pipe flange and 
using a calibration curve. This is in contrast to Burban's method which 
assumed that the gate height was equal to the film height. Burban used 
the relation:
hj = Gate Extension(in)-2.5
where h is the film height in inches. Since preliminary observations did 
not agree with this correlation a calibration curve was prepared yielding 
the following relation:
hj * 0.47*Gate Extension(in>0.91.
The film height at various locations of the tail could also be measured using 
the contact probes. Once the probe apparatus was located above the 
desired point of measurement the function generator was attached to the 
top of the probe and the frequency counter to the nearest brt\ss rod on the 
pipe underside. A square wave of approximately 100kHz was supplied and 
the point above the bottom at which the frequency counted changed 
abruptly was taken as the liquid film height. Measurements were 
unusually slow as the frequency counter only updated approximately 
every 8 seconds.
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Still Photography
For still black and white photographs of the slug tail the camera was 
placed on a tripod 6-8 feet from the pipe. Spotlights were positioned 3-4
feet from the pipe with one aimed at the poster board behind the pipe and
the other at the pipe front. In this way even illumination of both the front 
and back of the pipe was obtained. Care was taken to avoid extreme
reflections off the pipe in the direction of the camera lens.
It was found that the 50mm lens yielded the broadest, sharpest 
image. Preliminary tests determined that most of the flow movement 
could be frozen with a shutter speed of 1/2000 second. With Kodak Tri-X 
Pan film(ASA/ISO400) light meter readings indicated an f-stop of 8. 
However, since a high contrast developer, Kodak Microdol-X, was to be 
used the effective film speed was lowered to 200. Thus a lens aperature of 
f/5.6 was needed. To enhance the contrast between the water and air
Brilliant Blue (Aldrich) dye was added.
Slug tails were photographed over varying time spans to account for 
instantaneous distortions. Normally this involved three consecutive
pictures with the motor drive advancing the film at 3.2 frames per second. 
This yielded a rough estimate of the tail shape over one second internals. 
To investigate the tail over longer periods of time, 25 consecutive pictures 
were taken with the motor drive over 8 seconds. Film and print processing 
was done in-house using standard chemicals(Kodak) and procedures.
High Speed Motion Pictures
The taking of high speed motion pictures was begun in the same way 
as still pictures except for placing the Fastax camera 6-8 Let from the pipe. 
Either a 35mm, 50mm, or 75mm lens was used. First, the camera was
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aimed at the desired point of the pipe. Since the film blocked the image to 
the eyepiece this had to be done prior to loading. Next, the image was 
focused by measuring the distance to the center of the pipe and setting the 
lens accordingly. The lens aperature was set based on light meter readings. 
Once again the film was rated at ASA/ISO 400 and at 1/2000 second 
shutter speed the indicated exposure w'as f/8. However, at the most 
commonly supplied voltage of 100V approximately 4000 frames per 
second were exposed. This corresponds to an effective shutter speed of 
1/4000 second or one half of 1/2000. Therefore twice as much light was 
required and an f-stop of 5.6 was needed. This agreed with Burbans 
observations.
With all of the camera controls set its interior was cleaned of any 
debris and the film was loaded. The camera motors were then lubricated 
by spraying oil in the lubrication port with an atomizer.
To complete preparation the "Goose” was adjusted. First the 
necessary voltage was set. As mentioned above, 100V corresponded to a 
time of exposure for each frame of ab >ut 1/4000 second. Less voltage led 
to longer exposure while more voltage gave shorter exposures. Once the 
voltage was set the time of operation could be determined. For 100V this 
was approximately 1.5 seconds. Finally, the "Goose" was locked shut and at 
the desired time the trigger switched, thereby exposing the entire 100ft 
roll of film.
Film was processed through University Photographic Services. To 
simplify observation, some films were then transfered to video tape.
23
V. Results and Discussion
The criterion set up by Ruder for th ce of slugs and
experimental data for stationary slugs n the tw pipeline are shown
in Figure 5.1. At low Fr^'s and high h |/D ’s a m  e deviation from the
inviscid steady state tail model i? observed while at higher F rp’s and lower
h/D's a positive deviation is most prominent.
In region A(Frp =0.93*1.20, hj/D  = 0.563-0.45) the slugs were
unusually long and followed immediately by another slug. This pattern 
repeated until emptying into the holding tank. None of the slug tails were 
fully developed; the air space above the tail seeming more like a stationary 
bubble. Since in this region a tail is not theoretically allowed but a 
hydraulic jump is, it is suggested that the majority of "slugs” observed in 
this region were actually hydraulic jumps that filled the entire cross 
section of the pipe. This may explain the negative deviation from the 
steady state tail model.
In region B (Frp « 1.20-2.0, hj/D  = 0.45-0.35) a close fit to the
steady state tail model was observed. Slugs could not be initiated at
conditions very far to the right or left of those predicted theoretically. The 
slugs here had only slight, irregular aeration and upon visual observation 
the tail shape resembled that of the model. Attempts to create slugs to the 
right of the steady state tail model conditions resulted in the formation of a 
hydraulic jump that filled the entire cross section until emptying into the 
holding tank.
As the Frp was increased and the h |/D  decreased, towards region C 
(F tp > 2.0, hj/D < 0.35) slugs could i*e created at varying Fr^ greater than
24
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FIGURE 5.2 THEORETICAL TAIL SHAPE
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9
and including the theoretical minimum (but not significantly less). In this 
region aeration was vigorous and increased with Frp.
To study the existance of slugs in the context of the steady state tail 
model still photographs of the tails of various slugs were taken and 
compared to the theoretical tail shape, as solved by Benjamin, shown in 
Figure 5.2. Since the tail was observed to flucuate over time, series' of 
photographs were taken at roughly three frames per second over an eight 
second time span. These photos and high speed motion pictures confirmed, 
as Burban observed, that as aeration increased the tail is often 
instantaneously distorted. However, a rough pattern, usually repeating 
every 1-2 seconds is apparent. In other words the tail seems to flucuate 
about some average shape. Figure 5.3 illustrates the distortion of the tail 
of an aerated slug. It was found that series of three pictures, over 1 
second, yielded an approximate tail shape. This reduced series of
photographs was used to document many different slug tails.
In region B, where only conditions at or very close to those 
theoretically predicted led to slug formation, the tails observed 
approximated the theoretical shape very well. Figure S.4a shows 
photographs of the tails of slugs in this region. Figure 3.4b illustrates the 
relative stability, in this region, of the tail shape over a 1 second time span. 
The lack of significant aeration should be noted. When the liquid fell from 
the top surface of the pipe it did so abruptly, supporting the neglect of 
viscous forces in the formulation of the steady state tail model. After 
falling the liquid remained at a new height for some short distance before 
begining a gradual descent. This descent was continuous so that the level 
of the liquid was usually less than .3D before emptying into the holding 
tank. This observation also seems to support the tail model, which
27
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states that the liquid will fall from filling the entire diameter to a plateau 
O.S63 of the diameter and then (in a sloped pipe) continue decreasing in 
depth due to gravitational acceleration.
High speed motion pictures revealed that the escape of entrained air 
from aerated slugs, occurring predominantly at the top of the pipe, causes 
instantaneous distortions that reduce the -dope of the falling liquid. As 
aeration increased the distortion of the tail became continuous so that an 
entirely new tail shape was observed. In region C, as stated, slugs could 
be formed at varying conditions from the theoretical minimum up to the 
maximum allowed by equipment limitations. Figure 5.5 shows 
photographs of the tails of slugs formed over this range. As the Fr^ is
increased at constant h |/D , so does aeration. And with this increased
aeration the instantaneous disiu tions become continuous leading to a tail 
shape different from the predicted shape. Most notably, this tail does not 
fall abruptly to .563D but rather slopes gradually, never forming a plateau. 
Thus, in region C, slugs formed at conditions theoretically not allowed have 
a tail inconsistant with theory.
This leads to the question as to why non-theoretical tails cannot be 
formed in regions A and B, i.e. why can slugs not be formed at conditions 
much to the right of the steady state prediction. It is suggested that this is 
due to the lack of aeration under these conditions. With little aeration very 
little frictional energy dissipation takes place and flow filling the entire 
cross section of the pipe, as instigated by a hydraulic jump, never loses 
enough energy to fall from the top of the pipe; a tail never forms. As 
stated above, when tie conditions of flow in these regions fell to the right 
of the steady state tail model a hydraulic jump filling the entire cross
32
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section could be formed but the pipe remained filled until emptying into 
the holding tank.
As aeration is increased, in region C, more energy is dissipated in the 
body of the slug due to extremely turbulent mixing. Figure 5.6a and 5.6b 
are photographs of the front and body of highly aerated slugs. A point is 
therefore reached where flow filling the entire cross section cannot be 
sustained and the liquid begins to fall. But the escape of entrained air 
causes continuous distortion of the taii. This distortion is seen as a much 
more gradual descent of liquid than is assumed in the tail model. Also, 
unlike the unaerated case, a plateau is not observed; the descent appears 
to be continuous.
Benjamin has shown that in a theoretical tail although this final 
gradual descent is dependent on the slope of the pipe, the plateau height 
(I14/D b 0.563) is not. The relative independence of this height to pipe
inclination is illustrated in Figure 5.7. Slugs formed under identical 
conditions were photographed at different pipe inclinations ranging from 4 
to 8 and in all cases a plateau could be observed. It is suggested that the 
existence of this plateau, or more specifically its existence and depth of 
.563D, serves as a good indicator of compliance with the inviscid steady 
state tall model regardless of the apparatus used
Measurements off of photographs of tail heights at varying Frp's and 
initial liquid carpet heights (hj/D) are shown In Figure 5.8. Also shown are
results of similar measurements made with contact probes over a narrower 
range of conditions. AH measurements were made six inches from the 
point where the liquid broke contact with the top of the pipe since this was 
the location where a stable plateau was formed in
37
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unaerated slugs. As expected, as the conditions become more distant from 
those set by the inviscid steady state tail model, the results deviate from 
those predicted. This was especially apparent in region C. Here the level of 
liquid six inches from the begining of the tail was most often greater than 
.563D. As aeration increased this depth increased due to the more gradual 
slope caused by the escape of the entrained air. Although a tail height of 
.563D could sometimes be found in highly aerated slugs, a plateau did not 
occur; the modelling of the gas at the tail as a Benjamin bubble is not valid 
when aeration is excessive.
Several other interesting observations of stationary slugs should be 
noted. For example, Burban described the mechanism of aeration of the 
slug as tumbling of the wall of liquid at the front resulting in occlusion 
of gas. However further high speed motion picture analysis and visual 
observations suggest that this mechanism is only significant under 
conditions of relatively low aeration. As aeration is increased the most 
significant mechanism becomes that which has gas entering at a single 
point, at the bottom of the hydraulic jump.
The stability of certain slugs is another area of interest. It was 
observed that slugs created from conditions to the right o f the steady state 
tail line could be sustained indefinitely. However, as the tail line was 
approached (and crossed in some cases) the location of both the front and 
tail could vary greatly. Under these conditions slugs were often lost when 
the front and tail met. Thus whether or not slugs observed under these
conditions can be considered "stable" slugs is questionable.
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VI. Conclusions
1) The inviscid steady state tail model forms an adequate
lower slug sustaining limit of Fr^ at a particular h j/D < 0.563.
2) As the h j/D approaches 0.563 the inviscid steady state
tail model becomes the only set of conditions which will allow 
slug formation. Under these conditions very little aeration 
of the slug occurs.
3) As the hj/D decreases and the Frp increases slugs can
form at conditions other than those stated by the steady 
state tail model. This corresponds to increasing aeration.
The aeration probably causes a tail to form due to the 
frictional energy dissipation.
4) The tail has an average shape, which can be captured and 
analyzed with still photography. High speed photography 
can also be utilized in the study of slug tails.
5) At conditions of low aeration the tail is observed to 
approach the shape predicted by the inviscid steady state 
tail model. The liquid falls abruptly, justifying the 
neglect of viscous forces and a plateau approximately 
0.563D in depth is formed, justifying the choice of 
"Benjamin" bubble to model the gas space above the tail.
6) As aeration increases the tail becomes distorted due to 
the escape of entrained air. The more the tail is aerated 
the more gradual the slope of liquid descent. A plateau of 
depth 0.S63D is not formed. For these reasons the inviscid 
steady state tail model is not a good model of an aerated
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slug.
7) The mechanism of aeration at the front of the slug is one 
of tumbling and occlusion at low rates of aeration and 
entry at a single point, at the base of the hydraulic jump, 
at higher rates of aeration.
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VII. Recommendations
The following recommendations follow from this study.
1) Investigate the effect of different fluid properties, 
such as viscosity and density, on the shape of the tail.
2) Hie frictional energy dissipation in the slug should be 
investigated for its dependence on aeration and pipe 
diameter. This may lead to a model of slug existence 
valid in areas of high aeration.
3) Since the tail of the slug is observed to flucuate under 
certain conditions, more reliable methods of liquid 
height measurement should be used. Paralell wire 
conductance would probably be most effective 
although a modified contact probe could be most easily 
used with the current apparatus.
V III.  Nomenclature
C
D
8
ht
P
«t
U1
ye
p
cross- sectional area of liquid layer
slug velocity 
pipe diameter
Froude # based on effective liquid height (yc)
Froude # based on pipe diameter
gravitational constant 
liquid carpet height
tail height 
pressure
volumetric flowrate of liquid shed by the tail 
time
liquid carpet velocity 
effective height of liquid caipet 
density
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Appendix: Necessary Conditions
B 1
0.21 14.83 5.74
0.21 J 1.99 4.64
0.21 8.68 3.36
0.24 11.70 4.92
0.24 9.63 4.05
0.24 9.32 3.92
0.24 8.30 3.49
0.24 7.66 3.22
0.24 7.08 2.98
0.24 6.84 2.88
0.24 5.70 2.40
0.24 4.86 2.04
0.30 7.11 3.34
0.30 6.34 2.99
0.30 4.84 2.28
0.30 4.53 2.13
0.30 4.25 2.00
0.30 3.90 1.84
0.33 2.95 1.59
0.38 2.75 1.47
0.38 2.54 1.36
0.38 2.41 1.29
0.40 3.38 1.87
0.40 2.98 1.65
0.40 2.80 1.55
0.45 1.80 1.07
0.45 1.64 0.98
0.45 1.53 0.91
0.50 1.78 1.13
0.50 1.60 1.01
0.50 1.48 0.94
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